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Graphical abstract 1 Introduction
Steroid hormones regulate various biological processes including salt balance, sexual development, reproductive function, and immune and stress responses. Because the secretion of each steroid hormone may vary with age and sex, especially in the newborn period during adjustment to extra-uterine life and fetal adrenal involution, detailed normative data are needed for effective quantitative assessment of steroids.
For the urine metabolome during fetal-neonatal transition, Shackleton [1] has defined three groups: 1) steroid metabolites derived from the fetal-placental unit which are expected to vanish off rapidly in the newborn after birth; 2) metabolites produced by the fetal adrenal zone which should decrease parallel to its involution during the first 3-6 months after birth; 3) steroid metabolites derived from the developing endocrine cells and organs of the growing newborn. During fetal life steroids are mainly produced in the fetal zone of the adrenal glands, the testes (the ovaries being quiescent), the placenta and the brain [2, 3] .
Postnatally, the fetal adrenal, which abundantly produces 19-carbon (C19) steroids (DHEA, DHEAS, androstenedione), involutes within 3-6 months [4] . After birth the adult adrenal cortex in its zonae glomerulosa and fasciculata produces mineralocorticoids and glucocorticoids. As adjusted for body surface area, cortisol secretion is essentially constant throughout postnatal life and shows little sex difference (except during pregnancy, when cortisol secretory rates increase), whereas aldosterone concentrations are very high in the newborn, drop rapidly during the first year, then continue to fall during childhood [4, 5] . The zona reticularis of the adult adrenal cortex is formed slowly during infancy to become active in C19 steroid production during adrenarche at 7-10 years. Testicular steroidogenesis is very active in the production of androgens in the male fetus, then declines after birth with a temporary increase during minipuberty between postnatal days 30-100 before going into the quiescent prepubertal phase [5] . By contrast, estrogens are low from infancy until puberty as the prepubertal ovary is quiescent [4, 5] .
Steroid hormones can be grouped according to their receptor binding into progestins, androgens, estrogens, mineralocorticoids and glucocorticoids. The biochemistry of steroid biosynthesis and metabolism is largely known and specific steroid pathways are regulated by differential expression and activity of enzymes and cofactors involved in a developmental, sex, time and tissue specific fashion which might be perturbed in disease states [4, 5] . Once steroids are produced in steroidogenic tissues, they enter the circulation and are converted into a large number of metabolites by the liver and peripheral tissues before being excreted in the urine. Thus, all these processes contribute towards the steroid metabolome, which may be characterized from biomaterials such as blood or urine, and serves as an excellent diagnostic tool.
In the past, some effort has been made to generate quantitative data for the urinary steroid metabolome in newborns (for an overview see Appendix Table A ) [1, [6] [7] [8] [9] [10] [11] . However, detailed normative data are lacking for the first year of life when many changes happen over short time intervals in healthy babies; normative data are also needed to distinguish physiologic alterations from inborn errors of metabolism in sick babies. Simultaneous measurements of the full spectrum of urinary steroids by GC-MS provide a comprehensive and integrated picture of the steroid metabolome, permitting accurate diagnosis of disorders of steroid biosynthesis and metabolism in newborn infants [12] . In addition, the non-invasive sampling and the requirement of small amounts of spot urine make this method very suitable for infants and small children.
We intended to describe and quantitate the urinary steroid metabolome of healthy infants longitudinally at high resolution time intervals during the first year of life using GC-MS. We analyzed the 67 measured steroids for sex differences and longitudinal changes that might indicate underlying developmental processes for each measured steroid and for steroid groups. Our study now provides detailed normative data in percentile curves for 67 steroid metabolites during the first year of life. We show that there are few sex-specific differences but that there are significant longitudinal changes that relate to developmental changes in steroidogenesis during fetal-neonatal transition.
Material and Methods

Study population
The local medical ethics committee approved the study protocol, and the parents provided written informed consent. Healthy newborn infants and their parents were recruited from June 2010 to March 2012 at the University Children's Hospital Bern, Inselspital, the Lindenhofspital Bern and the Spital Münsingen, Bern, Switzerland. Inclusion criteria were:
Caucasian healthy boys and girls, born at term with normal weight and length, either by vaginal delivery or Caesarian section, willingness of the parents to collect 13 urine samples throughout the first year of life and to report on the health status of their baby (including weight and length at each urine sampling timepoint). We recruited 43 subjects (22 girls and 21 boys) and obtained samples at 13 time points, for an anticipated total of 559 samples.
Drop-outs were due to the following reasons: stop of sampling or non-compliance with sampling schedule, occurence of disease and drug treatments or errors in measuring steroids and/or creatinine.
Urine collection procedure
Urine samples were collected from each study subject in weeks 1, 3, 5, 7, 9, 11, 13, 17, 21, 25, 33, 41 , and 49 of life if healthy and receiving no medication. A maximal deviation of ±7 days from this time schedule was tolerated, except for week 1 where a deviation of only ±3 days was permitted. Clean spot urines were collected from pure cotton balls inserted into regular diapers. Wet cotton balls, free of stool, were removed and urine was pressed out with a 50 ml syringe into a labeled tube. Samples were stored at -20°C and were subsequently sent to the steroid laboratory of the Department of Nephrology, Hypertension
and Clinical Pharmacology at the University Hospital of Bern, Switzerland, for GC-MS steroid analysis. Validity and stability of this urine collection method for steroid analysis has been previously reported [13] [14] [15] . Minimal urine volume required for steroid analysis was 200 µl, standard volume was 1.5 ml; for creatinine measurement 5 µl urine was used.
Measurement of urinary steroid metabolites and creatinine
Quantitative analysis of 67 different urinary steroid hormone metabolites was performed by an in-house adapted GC-MS method as previously described [16] [17] [18] [19] . All measurements were performed in the same steroid laboratory of the Department of Nephrology, Hypertension and Clinical Pharmacology at the University Hospital of Bern, Switzerland.
Measured steroids are listed in Table 1 and depicted in Figure 1 .
Standards, reagents and enzymes were obtained as follows: The steroids medroxyprogesterone, stigmasterol, and 3β5β-TH-aldosterone were obtained from Steraloids (Newport RI, USA), the Sep-Pak C18 column from Waters AG (Baden-Dättwil, Switzerland), the acetate buffer from Merck (Zug, Switzerland), the powdered sulfatase enzyme originated from Helix pomatia from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland), the β-glucuronidase/arylsulfatase liquid enzyme from Roche Diagnostics AG (Rotkreuz, Switzerland), the derivatives methoxyamine HCl 2% and the trimethylsilylimidazole (TMSI) from Thermo Scientific (Waltham MA, USA), the pyridine from company (city, country), the Lipidex 5000 from Perkin Elmer (Waltham MA, USA).
In brief, the urine sample preparation consisted of pre-extraction, enzymatic hydrolysis, extraction from the hydrolysis mixture, derivatization and gel filtration. Steroid profiles data were obtained by adapted GC-MS analysis according to methods reported by Shackleton [16] . In detail, the preanalytic procedures were as follows:
Step 1, to 1.5 ml of urine 2.5 µg of medroxyprogesterone was added as a recovery standard.
Step 2, the sample was extracted by solid phase extraction on a Sep-Pak C18 column, dried under nitrogen and reconstituted in 0.1 M acetate buffer (pH 4.6).
Step 3, the sample was hydrolyzed with 15 mg of powdered sulfatase enzyme and 15 µl of β-glucuronidase/arylsulfatase liquid enzyme before step 4, the free steroids were again extracted on a Sep-Pak C18 cartridge. During step 5, a mixture of standards for chromatography and derivatization consisting of 2.5 µg of Stigmasterol and 0.15 µg of 3β5β-TH-aldosterone was added to the extract.
Step 6, 100 µl of methoxyamine HCl 2% in pyridine was added and the samples were heated at 60°C for one hour.
Step 7, after evaporation of the solvent 100 µl of trimethylsilylimidazole (TMSI) was added and the extracts were heated at 100°C for 16 hours.
Step 8, the methyloxime-trimethylsilyl ethers derivatized samples were purified by gel filtration on Lipidex 5000 columns to remove the excess of derivatization reagent. In three samples, the urine volume available was 200 µl only. For that case and future use, we re-validated our method for reduced sample volume and give all data of intra-and inter-assay variations for standard and reduced volume in Appendix Table B .
Mass spectrometric analyses were performed on a gas chromatograph 7890A from Agilent given. Due to lack of reference materials, the five compounds 6α-OH-TH-cortisone, 1β-OH-TH-cortisone, 1β-OH-β-cortolone, 6α-OH-α-cortolone and 6α-OH-β-cortolone were calibrated and measured according to the procedure published by Caulfield et al. [8] .
Neonatal urine from the first collection after birth containing high amounts of these steroids was analyzed by GC-MS in the scanning mode and the total ion current (TIC) peak areas of the five identified compounds were integrated and were related to the standard Stigmasterol.
Based on the assumption that peak area responses in TIC of different compounds were identical for components of similar retention time, we determined the approximate concentration of these compounds in the urine and they were finally analyzed again in the SIM mode to obtain calibration responses which were used to quantify the five compounds in the study samples. For all steroids, measured specific peaks in the chromatograms had to be three times higher as the noise above the baseline to be counted as valid measurements (signal-to-noise-ratio ≥3).
Urinary creatinine was measured by quantitative colorimetry using the QuantiChrom
Creatinine Assay according to the manufacturer's recommendation (DICT-500; BioAssay Systems, Hayward, CA, USA).
Since spot urines were collected, measured steroids were standardized by urinary creatinine concentration and expressed in µg/mmol creatinine [20, 21] .
Quality control of the applied GC-MS method
The reproducibility of our in-house GC-MS method is continuously monitored by an internal quality control. For this purpose 15 samples of frozen aliquots from the urine of a healthy volunteer with an unremarkable urinary steroid profile were measured and means, standard laboratories by the organizers.
Statistical analysis
Baseline characteristics of the study population are presented as mean, standard deviation, median and range unless otherwise stated. All normalized urinary steroid hormones were modeled on the logarithmic scale, where the variance was roughly constant across the ages.
The age and sex dependent mean of each log-steroid was estimated using a linear mixed model which included a random subject effect to account for the dependence induced by the repeated measurements within the subject. To allow a flexible modelling of the agedependence of various steroids, we considered the following six possible age-effects:
constant (corresponding to no age effect), linear, quadratic, quadratic spline with one knot, quadratic spline with one knot and a constraint of levelling-off, quadratic spline with two knots and a constraint of levelling-off. The knots have been selected using a grid search in order to optimize the fit, while a constraint of levelling-off, allowing to model a plateau reached after some age, can be easily imposed using B-splines [22] [23] [24] . Since we considered to include a sex effect in the model, we fitted a total of 12 possible models for each steroid and selected that model minimizing the Akaike Information Criterion. We let thus the data decide whether or not an age or a sex effect should be included in the model. were performed using the software R including the lme4 package [25] .
Results
Study population and specimen characteristics
Serial urine samples of 21 healthy boys and 22 healthy girls were available for analysis. The baseline characteristics of the study population stratified by sex at birth and at 1 year of age are presented in Table 2 . From the recruited 43 subjects and 13 time-points, 26'914 values of creatinine corrected steroid compounds were included in the final analysis corresponding to 71.9 % of the maximal possible number of calculated values.
Urinary steroid metabolome
67 steroids ( Figure 1 and Table 1) were assessed in each urine portion by GC-MS in 43 babies at 13 time-points from birth to one year of age and tested for sex specificity and agerelated changes. Six of 12 possible models described in the method section allowed the best estimate of the log-steroid mean for characterization of all steroids.
Two steroids, TH-aldosterone and 17α-20α-DH-progesterone, showed no association with age or sex. Four steroids, 11β-OH-progesterone, androstanediol, 18-OH-11-dehydro-THcorticosterone and 18-OH-cortisol showed an association with sex but not with age. An association with sex was found for 15 steroids. Age-related changes were observed in 61 steroids, 50 within the group of steroids not specific for sex and 11 in the group of sex specific steroids. The 10 th , 50 th and 90 th percentiles estimated for urinary steroids unassociated with sex are given in Table 3 , and in Table 4 , if sex-specific differences were detected. In both tables the association with age is also indicated.
The median concentration of total excreted steroids at weeks 1, 3, 5 and 7 was estimated at 29'379-36'906 µg/mmol creatinine in males and 20'959-26'330 µg/mmol creatinine in females (Figure 2A, B) . A substantial decline in the excreted steroids then occurred in both sexes followed by constant excretion from weeks 33 to 49 in males (median concentration 6'780 µg/mmol creatinine) and females (median concentration 4'837 µg/mmol creatinine).
Group analyses of steroid metabolites showing age-and sex-specific characteristics are shown in Figure 2C -L. A model with a sex effect but without an age effect was selected for corticosterones ( Figure 2G , H), a model with an age and sex effect was selected for glucocorticoids ( Figure 2J , K) and the total sum of steroids ( Figures D, E) , and a model with an age effect but without a sex effect was selected for progestins, androgens, estrogens and mineralocorticoids ( Figure 2C, F, I and L). The resulting estimated percentiles fit the data nicely for most of the steroids and steroid groups, as can be seen in Figure 1 among the estrogens, and 11-dehydro-TH-corticosterone among the corticosterones (Table   3 and 4).
Discussion
The recent discovery of novel, complex steroid disorders such as P450 oxidoreductase deficiency or apparent cortisone reductase deficiency highlight the diagnostic significance of the steroid metabolome [26] [27] [28] . Also, many now propose that steroids should no longer be measured by inaccurate immunoassays and that steroid assays should be replaced by mass spectrometric methods, which are highly specific and sensitive, while providing a full spectrum of steroid measurements in a single sample in one assay [29] . Although standard methods for steroid profiling from urine or plasma are known, they are only established in few laboratories and normative data are scarce. We have been using GC-MS for steroid profiling from urine for the past 25 years in our laboratory but did not have detailed normative data for neonates and infants in the first year of life. Although some normative data from other laboratories exist, data for the first year of life, when dramatic changes occur, are incomplete. Such normative data may not be applied for individual in-house methods without
proper controls and are difficult to obtain. Therefore, to generate a comprehensive picture of the steroid metabolome during early development, we measured 67 urinary steroids in 21 male and 22 female full-term healthy infants at 13 different time-points from week 1 to week 49 of life by GC-MS and calculated normative data using specifically developed mixed-linear models for each steroid.
We used a statistical model that includes a flexible age-dependence to capture possible pattern of development among the various steroids. This model uses a limited number of variables to characterize the distribution of steroids at a given age, yielding a robust estimation of the high percentiles. We obtained explicit, flexible, smooth and robust agedependent and sex-dependent percentiles that were as close as possible to our data. With our steroid normative data percentiles we provide an easy tool for clinical use.
Our steroid profiling results may be directly compared to previous reports of creatininecorrected urinary steroid metabolites; these are summarized in Appendix cortisol and 18-OH-cortisol [9] . Values more than 3-fold higher were found in our study for pregnanetriolone, pregnanediol, etiocholanolone, androstenediol, estriol, and 20α-DHcortisol while lower values were found for 20α-DH-cortisone and 20β-DH-cortisone. Similar to our study, Homma et al. also found no sex difference for most of the urinary steroid metabolites including the majority of the androgens [9] . Like Homma's study, we found a sex difference for progesterone metabolites, but unlike Homma's study, we found no sex difference for estradiol and estriol, and we found considerably higher estriol concentrations.
These differences might be explained by technical limitations when measuring low levels. On the other hand, some of the observed differences may also be explained by differences in the genetic background of studied subjects affecting the steroid metabolome; e.g. while we studied Swiss infants, Homma et al. studied Japanese.
We compared our steroid data concerning sex-and age-specificity to previous studies assessing 24 hour urinary excretion of steroid metabolites in the first year of life [10, 11] .
Concerning sex-specificity, our results are in line with both published reports with the exception of allo-TH-cortisol, for which we found about 2-fold higher values in male infants during the first year of life similar to the study of Wudy et al [10] , but different to the values reported by Rogers et al. [11] . Concerning age-specificity, we also found similar patterns of urinary steroid excretion compared to Rogers et al. who demonstrated an increase for most cortisol metabolites during the first year of life [11] . However, we could not confirm the increase of total measured cortisol metabolites across the first year of life as described by Rogers et al. But this difference might be best explained by the fact that total glucocorticoid excretion consisted of 9 metabolites in Rogers' study but 21 metabolites in ours. Thus the group results cannot be directly compared. Our glucocorticoid group analysis in particular included five highly polar 1β-and 6α-hydroxylated steroids (namely 1β-OH-TH-cortisone, 1β-OH-β-cortolone, 6α-OH-TH-cortisone, 6α-OH-α-cortolone and 6α-OH-β-cortolone), of which specifically 6α-OH-α-cortolone was highest at birth, increased even further in the first weeks, before slightly decreasing and leveling off after week seven.
Unlike urinary cortisol metabolites, we found only few published data on progesterone metabolites (progestins) to compare our study results (Table 3 and 4 and Appendix Table A) .
Our study provides data on 26 progestins, of which only normative data of five were reported and are in accordance with our values [8] [9] [10] . The highest measured progesterone metabolite in our study was 20α-DH-5α-DH-progesterone in both sexes from birth to one year of age. For this metabolite we found no measurements in the literature and its function is also not described. It might be that this is just the major highly polar metabolite to excrete progestins effectively without other function. Similar to our findings for cortisol metabolites,
we found high urinary concentrations of polar 6α-hydroxylated progesterones, in particular 6α-OH-progesterone and 6α-OH-3α5β-TH-progesterone, which were excreted at concentrations above 100 µg/mmol creatinine until week 13, that is much higher than most other progestins.
In comparison to glucocorticoids, androgens and estrogens are excreted in considerably smaller amounts and decrease in the first months of life. This is explained by the underlying developmental changes of the steroid organs as described earlier (see Introduction).
Overall, our data are largely in line with published results but expand the picture of the steroid metabolome of the first year of life by giving a higher resolution and more metabolites. Our data also confirm that the urinary steroid metabolome of a newborn can track normal and abnormal developmental processes of steroid organs and therefore provides an excellent, non-invasive diagnostic tool.
The reference ranges published in this study will raise the question about their usefulness for other laboratories using slightly different methods. We are convinced that these data may be useful because we together with 27 other laboratories participate in a steroid profile scheme provided by the UK NEQAS (International Quality Expertise, www.ukneqas.org.uk). In this scheme data are compared as described in the Methods section. This assures quality of the analysis and confirms that there are ways to compare steroid data generated by different laboratories.
Limitations of our study are the rather small number of subjects (though one of the biggest to date) and urine collection mode. Although small in numbers, we studied our subjects longitudinally with short intervals, and are therefore able to provide statistically valid, calculated normative data. 24 hour urine collections in neonates and infants are cumbersome and mostly imprecise but provide real quantitative data of excreted metabolites, while spot urine sampling is easy to perform but requires calculation of excreted metabolites in relation to creatinine values. However, previous studies showed that spot urine measurements are valid for diagnostic purposes [30] . For group analysis, we have chosen to categorize the steroid metabolites according to their receptor binding. However, this choice left us with the problem that corticosterones bind to mineralocorticoid and glucocorticoid receptors which prompted us to put them in a separate group. Grouping of steroids is not standardized and may be performed differently according to study needs.
Conclusions
The following conclusions about the urinary steroid metabolome in the first year of life emerge from our analyses. First, the creatinine corrected concentration of urinary excreted steroids is high in infants during the first two months of life with a peak around 3 weeks of life. Then these steroids decrease to one fifth by week 25 in both sexes. Second, the pattern of urinary steroid excretion in the first year of life does not run parallel in all steroid groups.
Glucocorticoid, mineralocorticoid and corticosterone metabolites seem to be excreted rather at a constant level while progestins, androgens and estrogens decline markedly within the first few months of life. Third, the urinary steroid metabolome mirrors the underlying developmental biology of human steroidogenesis and is therefore a powerful tool for steroid research and diagnostics. However, detailed age-and sex-related normative values are essential.
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